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ABSTRACT 
 KIT-6 materials are large pore cubic Ia3d mesoporous silicate, with tunable pore size 
(4–12 nm) and pore wall thickness (4–6 nm). The three-dimensional structure of KIT-6 
provides more mass transfer channels within the pore structure and also reduces the 
propensity for pore blockage. With the incorporation of zirconium into KIT-6 structure, 
the materials displayed mild Lewis acidity exclusively. These characteristics allow Zr-
KIT-6 to be a promising catalyst for alcohol dehydration to olefins. Therefore, the 
emerging biomass-based renewable chemicals industry will particularly benefit from the 
availability of such catalysts for dehydration of long-chain alcohols from biomass based 
feedstock. 
       In this study, the dehydration of short-chain alcohols, including isopropanol (IPA) 
and ethanol (EtOH), were carried out over three Zr-MIT-6 samples with different Si/Zr 
ratios ranging from 20 to 100. In the temperature range of 180-300 °C, the Zr-KIT-6 
materials were shown to be highly active for of IPA dehydration to propylene (selectivity 
>98.5%). While, ethylene formed with the selectivity of 70%-80% when dehydrating 
EtOH at 300-380 °C range. 30 h continuous run revealed slight catalyst deactivation for 
IPA dehydration; and the catalyst started to deactivate after 60 h for EtOH dehydration.   
Kinetic models were established for both of these two reactions. The activation energy 
for IPA and EtOH dehydration, estimated from intrinsic rate constants normalized with 
respect to the Lewis acid sites, were approximately 48.9 ± 0.5 kJ/mol and 79.5 ± 0.7 
kJ/mol, respectively, which are found to be lower than or comparative with most other 
 iv 
Brønsted or Lewis acidic heterogeneous catalysts reported in the literature for such 
reactions. This clearly shows that the Zr-KIT-6 materials are a superior and promising 
class of highly active, selective and durable alcohol dehydration catalysts. Although, IPA 
and EtOH are short-chain alcohols, establishing such activity is key to their potential use 
as solid acid catalysts for even bulkier substrates. 
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CHAPTER 1 BACKGROUND AND LITERATURE REVIEW 
1.1 Biomass As Renewable Feedstock for Ethylene and Propylene 
      Ethylene and propylene are considered to be among the most important raw materials 
in the petrochemical industry. The various uses of ethylene, including as precursor to 
polymers such as polyethylene, polyvinylchloride and polystyrene, and as raw material 
for other chemical intermediates such as ethylene oxide, acetic acid and acetaldehyde, 
make ethylene production capacity one of the indicators to measure the development of 
the petrochemical industry in countries [Fan 2013 and Zhang 2013]. Propylene, which is 
considered as the second most important raw material/product in the petrochemical 
industry after ethylene, serves as the precursor for a wide variety of products such as 
polypropylene, acrylonitrile, propylene oxide, oxo alcohols and cumene. After 
experiencing zero growth or declines in 2008 and 2009, global propylene consumption 
grew at a rate of almost 7.5% in 2010, led by Asia at 11% per year. The world 
consumption of propylene is forecast to grow with an average rate of 5% per year [IHS 
Chemical, 2013].  
      At present, approximately 99% of the global ethylene is produced by steam cracking 
of hydrocarbons, with petroleum crude or natural gas as raw materials [Zhang, 2013]. 
Approximately 56% of propylene is produced as a co-product of ethylene manufacture 
while 33% is produced as a by-product of gasoline production from fluid catalytic 
cracking (FCC) and 7% of is on-purpose product from the dehydrogenation of propane 
and metathesis of ethylene and butylene. The remainder (~4%) is from selected gas 
streams from coal-to-oil processes and from deep catalytic cracking of vacuum gas oil 
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(VGO). [IHS Chemical-Propylene, 2011]. Clearly, the present global industrial 
production of ethylene and propylene depends heavily on fossil fuel resources.  
Fossil fuel resources are being rapidly depleted to meet the increasing demand for 
both fuels and chemicals. Alternative raw materials for the production of ethylene and 
propylene are therefore being actively sought. Non-food biomass is being considered as 
an important energy source because they not only can reduce net greenhouse gas 
emissions and dependency on fossil fuels but also represent the only renewable carbon 
source that can be converted into solid, liquid and gaseous fuels through bio-chemical or 
thermo-chemical processes [Saxena et al., 2009]. Lignocellulose is a widely used biomass 
for its abundance and low price. Currently, there are three primary routes to convert 
lignocellulose to liquid fuels, as shown in Figure 1.1, including gasification to produce 
syngas, pyrolysis or liquefaction to obtain bio-oil, and hydrolysis to produce sugar 
monomer units. Presently, an important technology to convert renewable biomass 
resources into liquid fuels is the production of ethanol (the so-called bioethanol) by 
fermentation of carbohydrates [Huber, 2006b]. Much work has been done on the 
production of ethylene by catalytic bioethanol dehydration [Fan, 2013; Vijayalaxmi, 2013; 
Okajima, 2013; Mazaheri, 2010]. This method has also been applied in industrial 
production. The Braskem ethanol-to-ethylene plant in Brazil began operation in 2010 and 
is currently the only plant of its kind at the commercial scale. [Braskem Ethanol-to-
Ethylene Plant, 2013].  
 3 
 
Figure 1.1: Strategies for production of fuels from biomass-derived feedstock [Bravo, 
2013] 
 
       The high oxygen ratio (40-45 wt%) [Huber, 2006b] in biomass renders the 
production of hydrocarbons, either fuels or chemicals, rather complex. The controlled 
removal of oxygen from biomass-based feed stocks is a major challenge. For example, 
the complexity of compounds in bio-oil (including tars, acids, chars, alcohols, aldehydes, 
esters, ketones and aromatic) [Huber, 2006b] and in aqueous sugar (including cellulose 
and hemicellulose, as well as other polysaccharides such as starch and inulin) [Kruger, 
2012] make carbon-efficient upgrading to liquid fuels and chemicals particularly 
challenging.  
       Two routes can be applied to deoxygenate the biomass: dehydration yielding H2O; or 
decarbonylation and decarboxylation, yielding CO and CO2 respectively [Kruger, 2012]. 
Dehydration is attractive as an environmental friendly route, because it does not reduce 
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the number of carbon atoms and does not produce CO2. Specifically, the olefins produced 
through dehydration of alcohol can be widely used in the downstream chemical 
manufacture industry. The challenge for this kind of reaction lies in the fact that high 
temperature is required for producing olefins from linear bioalcohols via dehydration, 
side products such as esters and aldehydes also form. Therefore, research in this area has 
focused on not only the selection of stable mesoporous catalysts that can accommodate 
large molecules but also catalysts that can selectively produce alcohols in a cost-effective 
manner.  These aspects are further discussed in the following sections.   
 
1.2 Catalysts for Alcohol Dehydration 
The dehydration of secondary and tertiary alcohols generally follows the E1 
mechanism. As shown in Figure 1.2, the –OH group of alcohol is first protonated by an 
acid catalyst, followed by loss of water to give carbocation. The conjugate base of the 
catalyst then removes a hydrogen ion from the methyl group, and the hydrocarbon 
rearrange into a corresponding olefin. [Fan, 2013] 
 
 
Figure 1.2 Mechanism for the dehydration of alcohol 
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There are two versions of the mechanism for the dehydration of primary alcohols in 
literature. One is the E1 mechanism as introduced above [Fan, 2013]. The other is the E2 
mechanism according to which the removal of water and hydrogen ion occur 
simultaneously.  
Acid catalysts are generally preferred for E1 mechanism reactions, such as alcohol 
dehydration to olefins. Both Lewis and Brønsted acid catalysts can be applied for this 
type of reaction. For example, the conversion of bio-ethanol to ethylene proceeds 
smoothly over Brønsted acid sites [Bokade, 2011]. However, Brønsted acid sites also 
catalyze secondary reactions such as cracking and oligomerization leading to the 
deactivation of such catalysts [West, 2009]. Lewis acid is generally more favorable for 
high olefin selectivity. 
 Catalysts for alcohol dehydration can be classified into two major types: (a) 
microporous catalysts, such as modified alumina [Bakoyannakis, 2001 and Doheim, 
2002], supported heteropolyacids [Bokade, 2011], and zeolites [Phillips, 1997; Prestianni, 
2013; Takahara, 2005; and Takahara, 2007]; and (b) mesoporous materials such as 
mesoporous silica. [Jana, 2003; Guan, 2007; Carmona, 2011; Kruger, 2012; and Prabhu, 
2013]. 
 
1.2.1 Microporous Catalysts 
A microporous material is a material containing pores with diameters less than 2 nm 
[Rouquerol, et al, 1994]. Several studies have been reported for the dehydration of short 
chain alcohols on microporous catalysts. High conversion and selectivity to olefins was 
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achieved at relatively mild condition [Chen, Y., et al, 2010; Wu, et al, 2011; and Zhang, 
2008]. The Takahara group dehydrated ethanol on a series of zeolites and silica-alumina 
with SiO2/Al2O3 ratios ranging from 5.6 - 90 in the 180-300 ºC range. The H-mordenites 
with SiO2/Al2O3 ratio of 90 provided 99.9% ethylene selectivity at 180 ºC [Takahara, 
2005]. However, deactivation caused by coke formation hinders commercial application. 
Further, pore diffusion limitations might also be an obstacle when processing long-chain 
alcohols.  
 
1.2.2 Mesoporous Catalysts 
 Mesoporous materials have pore diameter of 2-50 nm [Rouquerol et al, 1994]. 
Hence, unlike microporous materials, mesoporous materials can accommodate catalytic 
reactions of larger molecules [Laha et al., 2002]. Ordered mesoporous materials were 
first introduced with the discovery of the MCM-41 materials by Mobil researchers 
[Kresge et al., 1992]. Following the discovery of MCM-41, other researchers successfully 
developed various types of mesoporous materials such as MCM-48 [Vartuli et al., 1994], 
KIT-1 [Ryoo et al., 1997], SBA-15 [Zhao et al., 1998], TUD-1 [Shan et al., 2000], and 
KIT-5 [Kleitz et al., 2003]. With the synthesis of these new materials and the supported 
metallic/molecular species into the mesoporous framework, mesoporous materials have 
attracted much attention as catalysts for various chemical transformations including 
oxidation, dehydration and isomerization [Rüfer, 2013]. 
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1.2.2.1 MCM-41 Materials for Dehydration of Alcohols 
       MCM-41 (Mobile Crystalline Material) is a silicate obtained by a templating 
mechanism. Arrays of non-intersecting hexagonal channels constitute its basic structure. 
By changing the length of the template molecule, the width of the channels can be 
controlled to be within 2 to 8 nm [Kresge, 1992]. Table 1.1 summarizes the use of the 
MCM-41 materials in alcohol dehydration. The dehydration of both larger alcohols, such 
as cyclohexanol [Laha et al., 2002] and fructose [Jiang et al., 2011], as well as small 
alcohols such as methanol [Naik et al., 2010], ethanol, 1-propanol, 2-propanol, 1-butanol 
[Haishi et al. 2011] and 2-butanol [Kim et al., 2012], have been reported with these 
catalysts.  
    The Jana group incorporated aluminum into MCM-41[Jana, 2003]. Most of the acid 
sites were revealed to be of medium strength by ammonia-temperature-program 
desorption (NH3-TPD). Dehydration of 2-propanol was demonstrated producing 
propylene as the main product. Compared to the microporous catalysts, H-ZSM-5, HY 
and Al2O3, the Al-MCM-41 showed higher activity for 2-propanol dehydration. However, 
neither the yield of propylene nor information on side products was revealed. The Haishi 
group reported that the mild acid sites of MCM-41 can control the alcohol dehydration to 
corresponding olefins. Several alcohols, including ethanol, 1-propanol, 1-butanol, and 2-
propanol, were dehydrated on Al-MCM-41. The reported yields of the corresponding 
olefins are nearly 100% at 430 ºC, 400 ºC, 350 ºC, 280 ºC for ethanol, 1-propanol, 1-
butanol and 2-propanol respectively.  
 8 
Kim et al synthesized WO3/MCM-41 catalyst with pore sizes ranging from 2.5- 2.65 
nm for dehydration of 2-butanol [Kim et al., 2012]. The catalyst contained only weak 
acid sites. Nearly total conversion of 2-butanol was reported at 300
0
C and 1 atm, with 1-
butene, trans-2-butene and cis-2-butene as products. In contrast, the alcohol conversion 
and olefin selectivity values for dehydration over MCM-41 materials with larger 
molecules including cycolohexanol (1% - 15% in conversion at 200 ºC) [Laha et al., 2002] 
and fructose (30% - 50% Hydroxymethylfurfural production and no olefin was reported) 
[Jiang et al., 2011] are relatively low. Further, these reported studies were not aimed at 
obtaining intrinsic kinetic data, essential to obtain fundamental insights into the reaction 
mechanism. 
The reported drawbacks in using MCM-41 materials as catalyst are as follows: (a) 
lack of mechanical stability of the amorphous SiO2 channel walls [Mokaya, 1999]; (b) 
steric hindrances imposed by typical pore sizes (2-4 nm) to bulky and/or long-chain 
molecules often encountered when processing biomass-derived substrates.  
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1.2.2.2 SBA-15 Materials for Dehydration of Alcohols 
      Santa Barbara Amorphous (SBA) type materials are a family of highly ordered 
mesoporous silicates with pore sizes ranging between 2 and 30 nm. SBA-15 materials 
possess large BET surface area (>700m
2
/g) with tunable pore diameter (up to 12.7 nm) 
and large pore wall thickness [Kaitiya, 2006]. These features make them suitable for 
treating bulky biomass substrates. Much fundamental work has been done with SBA 
materials on dehydrating model compounds of biomass-derivative substrates, including 
short-chain alcohols (methanol, ethanol, isopropanol, 1-butanol and 2-butanol) over 
either metal or metal oxide incorporated SBA-15.   Table 1.2 summarizes reported SBA-
15 materials used in alcohol dehydration.  
       The Luz group incorporated lanthanum (La) into SBA-15 by a two-stage 
hydrothermal method and investigated ethanol dehydration over the catalyst. The La 
incorporation was shown to enhance the acidity compared to Si-SBA-15. The observed 
ethanol conversion and ethylene selectivity were 65% and 40% respectively at 500 ºC 
[Luz et al. 2010]. 
      The Carmona and Torres groups investigated SBA-15 supported ZrO2 and Nb2O5 
catalysts respectively for isopropanol dehydration [Carmona et al., 2011; Torres et al., 
2011]. Both groups reported almost total selectivity towards propylene at 200 ºC and 
ambient pressure, with the highest conversion (~60%) reported on ZrO2-SBA-15.  
       A bifunctional heteropolyacid, 3-((3-(trimethoxysilyl)-propyl)thio)propane-1-
sulfonic acid (TESAS) was introduced into SBA-15 and tested it for fructose dehydration 
to 5-hydroxymethyl furfural (5HMF) [Crisci et al., 2011]. The highest observed fructose 
 13 
conversion and HMF selectivity were 84% and 71% respectively at 130 ºC and ambient 
pressure, with a turnover frequency of 0.32 min
-1
. 
       The Herrera group synthesized tungsten oxide supported on SBA-15 (WOx/SBA-15) 
by atomic layer deposition (ALD) and impregnation methods [Herrera et al., 2006]. 
Dehydration of methanol and 2-butanol were investigated. For methanol, only dimethyl 
ether was detected in the product at 300 ºC; in contrast, 1-butene, trans-2-butene and cis-
2-butene were detected during 2-butanol dehydration, at 100°C but no ether was detected. 
Further, the maximum conversion reported was around 50% [Herrera et al., 2006]. More 
recently, SBA-15 supported rhenium catalysts (ReOx-SBA-15) were synthesized and 
tested for 2-butanol dehydration [She et al., 2012]. Almost total conversion is reported at 
105 °C with no ether formation. However, catalyst deactivation was fairly rapid as the 
conversion dropped to ~11% in 230 min.  
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1.2.2.3 Zr-KIT-6 Materials for Dehydration of Alcohols 
   KIT-6 materials, first synthesized in 2004,  are large pore cubic Ia3d mesoporous 
silicate, with tunable pore size (4–12 nm) and pore wall thickness (4–6 nm) [Kim, 2004]. 
The three-dimensional structure of KIT-6 provides more mass transfer channels within 
the pore structure and also reduces the propensity for pore blockage [Kim et al., 2004; 
Kleitz et al., 2006; Ramanathan et al., 2013]. These characteristics make KIT-6 materials 
superior to the one and two-dimensional mesoporous materials such as MCM-41 and 
SBA-15. Investigations of metal-incorporated KIT-6 are beginning to emerge for 
applications including epoxidation [Kumaresan , 2010; Vijayalaxmi, 2013],and acylation 
[Prabhu, 2009]. Recently, the dehydration of cyclohexanol to cyclohexene over cerium 
incorporated KIT-6 was reported [Prabhu, 2013]. The highest cyclohexanol conversion 
reported was 54% with 64% cyclohexene selectivity at 300 ºC and 1atm. 
Zr has been incorporated into microporous materials such as alumina [Rakshe, 1999] 
ZSM-5 [Song, 2013] and β-zeolite [Paris, 2013]; and mesoporous materials such as SBA-
15 [Chen, 2010] and MCM-41 [El Haskouri, 2002] to enhance catalytic activity as well 
as stability. Ramanathan et al. synthesized Zr-KIT-6 and report predominantly Lewis 
acidic sites in the material [Ramanathan, 2013]. This feature makes Zr-KIT-6 a promising 
catalyst candidate for alcohol dehydration to olefins, given that Lewis acid sites are more 
favorable for enhancing olefin selectivity as discussed previously in this chapter.  
 
 
 
 18 
1.3 Scope and Objective 
It is clear from the foregoing literature review that numerous efforts are being 
made to develop advanced mesoporous catalysts for dehydration activity, such as those 
used to produce olefins from alcohols. In particular, metal-incorporated mesoporous 
materials show excellent catalytic performance for this kind of reaction. However, the 
demonstration of a mesoporous catalyst that shows not only high activity and olefin 
selectivity unhindered by transport limitations but also extended stability to deactivation 
has remained elusive. Further, systematic kinetic studies are also lacking in the literature. 
Among the metal-incorporated mesoporous materials, zirconium incorporated KIT-6 
material shows promise in meeting the aforementioned challenges. The three-dimensional 
structure of KIT-6 has the potential to reduce mass transfer limitations and the presence 
of Lewis acidity that should favor olefin selectivity. Considering these advantages, Zr-
KIT-6 was selected as the catalyst for the investigation of alcohol dehydration in this 
work. The objectives are as follows: 
 Investigation of zirconium incorporated KIT-6 (Zr-KIT-6) catalysts with different 
metal loadings for dehydration of short-chain alcohols, including isopropanol and 
ethanol in a continuous fixed-bed reactor. 
 Study of intrinsic temperature effect on the conversion and the selectivity of the 
reaction. 
 Study of catalyst deactivation during dehydration of each substrate over extended 
durations. 
 19 
 Evaluation of intrinsic kinetic parameters based on conversion/selectivity data 
obtained in the absence of mass transfer limitations. 
  
 20 
CHAPTER 2 EXPERIMENTAL REACTOR AND ANALYTICAL EQUIPMENT 
FOR ISOPROPANOL AND ETHANOL DEHYDRATION STUDIES 
2.1 Experimental Apparatus 
 
Figure 2.1: Experimental apparatus for dehydration experiments 
   A schematic of the experimental apparatus is shown in Figure 2.1. The apparatus 
consists of three main units: the pretreatment unit, the fixed-bed reactor, and the online 
GC. The pretreatment unit includes a mass flow controller (MFC, Brooks Model 5850E), 
a HPLC pump (Thermo Separation Products Constametric 3200), a heating cable 
(Mcmaster-Carr), and an in-line mixer (Thar Designs). The reactor (1 cm ID, 30 cm 
long), made of Type 304 stainless steel, was heated by Cartridge Heaters (McMaster-
Carr. 3618K193), and was covered by cotton insulation (approximately 5 cm thickness) 
to minimize radial temperature gradients. The reactor temperature was measured with a 
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profile thermocouple probe (Omega, custom model) placed along the axis of the reactor 
including six measurement points with a distance of approximately 4 cm between two 
measuring points. In Figure 2.2, reactor temperature “1” reflects the temperature at the 
center of the catalyst bed while reactor temperature “2” reflects the temperature at a 
location that 2 cm away from each end of the catalyst bed. The estimated axial 
temperature gradient in the 1 cm long catalyst bed is approximately 0.75 ºC. The energy 
input to the heating cartridge, the reactor temperature, the liquid flow rate through the 
HPLC pump, and the gas flow rate through the MFC were monitored and controlled by a 
data acquisition and control module (Measurement Computing, USB-2416-4AO) and 
LabVIEW version 8.6 software (National Instruments). The automated system allowed 
for temperature and pressure monitoring at multiple points along the flow path with 
proportional-integral-derivative control.  
 
Figure 2.2: Temperature and flow rate control at 220 °C and 300 sccm 
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Prior to the experiment, the mass flow controller was calibrated with nitrogen using a 
bubble flow meter. At least three measurements were performed for each set point to 
ensure accuracy. Table A. 1 and Figure A. 1 (in Appendix A) show the calibration data 
and curve, respectively.  
 
2.2 Gas Chromatograph 
2.2.1 GC Plumbing  
         An HP 5890 Series II (Agilent Technologies) is used. Figure 2.3 shows the 
plumbing.  
 
                    
Figure 2.3: Schematic of GC plumbing. (a) normal state; (b) sampling state. 
  
A FID was used to analyze the hydrocarbon products. The injector temperature was 
set to 250 °C. The GC oven temperature was maintained at 30 °C for the duration of the 
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analysis (approximately 8 minutes). The FID temperature was set to 300 °C. The H2 and 
zero Air flow rates were 25 standard cm
3
/min and 500 standard cm
3
/min, respectively. A 
Phenomenex Zebron Phase ZB-WAX capillary column (30 m × 0.25 mm × 0.25 µm) was 
used to separate the products. The volume of the sample loop is 100 µL and the carrier 
gas (helium) was flowed at 50 standard cm
3
/min. 
  As the capillary column is easily overloaded, only a small amount of injected 
analyte is required (McNair, 1998). Therefore, the split/splitless injection ratio was 
manually set to be 89 with the help of a bubble flow meter to obtain well-resolved peaks 
of the products.  
 
2.2.2 Qualitative and Quantitative Analysis  
Qualitative Analysis 
       The retention time with standards was used to identify each substance in the outlet 
stream. A sample chromatogram showing well resolved peaks of propene, IPA, and 
dipropyl ether is shown in Figure 2.4. A sample chromatogram showing resolved peaks 
for ethylene, ethanol, diethyl ether, and acetonitrile is shown in Figure 2.5.  
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Figure 2.4: GC/FID chromatogram of reactant and products expected during IPA 
dehydration 
 
Figure 2.5: GC/FID chromatogram of reactant and products expected during EtOH 
dehydration 
 
Quantitative Analysis 
       Internal standardization method was applied for the quantitative analysis. In this 
method, a known quantity of an inert compound under study is added into the analytes 
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stream. The ratio of the moles of an analyte present to that of the internal standard is 
proportional to their area ratio (Eq. 2.1). The proportionality constant is called the 
response factor. The response factor is obtained by plotting the ratio of the analyte peak 
area to the internal standard peak area as a function of the ratio of the molar 
concentrations of the analyte to that of the internal standard (eq. 2.1). 
  
   
   
  
   
                                                                                                        (2.1) 
       Where, ni = moles of analyte 
                   nst = moles of internal standard 
                   Ai = peak area of analyte 
                   Ast = peak area of internal standard 
                   fi = response factor. 
Acetonitrile (ACN) was considered as the internal standard due to its chemical 
inertness under reaction conditions. However, it has been reported that strong acid 
catalysts enhance the hydrolysis of ACN [Barbosa, 2000] with acetic acid as byproduct. 
Therefore, a test was performed to determine the significance of ACN hydrolysis under 
typical reaction conditions. The test run duplicates the catalytic runs for either IPA or 
EtOH dehydration (discussed in Chapter 3) except that the substrate is replaced entirely 
with water. This is equivalent to the situation when the alcohol is completely dehydrated 
producing an equivalent molar amount of water as byproduct.  Accordingly, a solution of 
ACN and deionized water with a molar ratio of approximately10:1 (identical to the molar 
IPA/ACN ratio used in the experiments) was fed to the reactor by a Thermo Separation 
Products Constametric 3200 Pump at a typical flow rate of 0.1 cm
3
/min. Prior to entering 
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an in-line mixer and mixing with N2, the pumped liquid mixture was vaporized by 
preheating to 150 °C. Nitrogen was fed through a solenoid valve and metered into the in-
line mixer with the mass flow controller at predetermined flow rates of 600 standard 
cm
3
/min (sccm). The combined ACN solution/N2 feed mixture was then introduced as 
vapor into the reactor and passed over 1.5 g of the most acidic catalyst sample [Zr-KIT-6 
(20)]. The test run was performed in the 100- 400 ºC range at 1 atm reactor pressure.   
Figure 2.6 shows the variation of the ACN peak area with temperature. No other 
peaks besides the ACN peak were found on the chromatograph. Each run was conducted 
for 2.5 h. The peak area was the mean of 4 measurements. Although the peak area 
fluctuated (± 15 %) because of variations in the injection amounts, there is no discernible 
decreasing trend as the temperature increased confirming that ACN may be considered 
inert over the Zr-KIT-6 catalysts.   
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Figure 2.6: (a) GC chromatogram of ACN hydrolysis test; (b) ACN peak area with 
temperature. The test was conducted at 1 atm for 2.5 h at each temperature, GHSV = 
7,200h
-1
. 
  
       Calibrations of propene and ethylene were performed by online injection using the 
same apparatus as shown in Figure 2.1. The nitrogen cylinder was replaced by the 
standard gas cylinder (5 mole% propene in N2). The flow rate of the standard gas was 
accurately controlled by the MFC and monitored using Labview®. Pure acetonitrile was 
pumped at a certain flow rate (set and monitored by Labview® as well) by the HPLC 
pump, preheated before mixing with the standard gas stream. The mixed stream then 
passed through the empty reactor and was analyzed in the GC.  
       Calibrations of liquid compounds (IPA, ethanol, dipropyl ether, and diethyl ether) 
were conducted by manual injection of the standard samples. A series of liquid standard 
samples with known molar ratios of target compounds and acetonitrile was prepared. At 
least five injections of standards in series were made for each compound to ensure 
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accuracy. For manual injection, the sample was injected directly into the capillary column 
from the manual injection port without split. Therefore, the samples were further diluted 
in acetone to avoid overloading. Each sample (1 µL) was injected using a Hamilton 
microliter syringe (10 µL, 701N, 80300).  At least three repeat injections were made for 
each sample to check for reproducibility. Molar ratio versus peak area curves were 
generated for calibration purposes. The calibration curves and the associated data sheet 
are shown in Appendix A.  
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CHAPTER 3 DEHYDRATION OF ISOPROPANOL AND ETHANOL OVER Zr-
KIT-6 MATERIALS 
3.1 Experimental  
3.1.1 Chemicals 
Solvents including isopropanol (99.9%), dehydrated ethanol (99.5%), acetonitrile 
(99.9%), diethyl ether (99.9%), dipropyl ether (99.9%), and acetone (99.5%) were 
purchased from Fisher Scientific and used as received. Zirconia nanopowder was 
purchased from Sigma-Aldrich. Helium (ultra-pure grade), nitrogen (industry grade) and 
air (industry grade) were purchased from Matheson Linweld.  
The Zr-KIT-6 material used in this study was synthesized and characterized as 
reported elsewhere [Ramanathan, 2013]. Three samples with different Zr loading were 
investigated for dehydration activities. Table 3.1 shows the properties of the samples.   
 
Table 3.1 Properties of the Zr-KIT-6 catalyst samples 
 
a
 numbers in parenthesis represent Si/Zr ratio in synthesis gel, 
b
 ICP-OES analysis 
c 
a0 = d211 / (h
2
+k
2
+l
2
), 
d
 SBET = Specific surface area.  
e
VP,BJH = Total Pore Volume measured at 0.995 P/Po, 
f
dP,BJH = BJH adsorption Pore Diameter, 
g
W = wall thickness evaluated by a0/2 - DP,DFT  
Zr-KIT-
6(Si/Zr)
a
 
Si/Zr 
b
 Zr
 b
 a0 
c
 SBET
 d
 Vp, BJH
 e
 dP, BJH
 f
 W
g
 Total Acidity 
wt% nm m²/g cc/g nm nm (NH3 
mmol/g) 
100 92 1.6 24.3 980 1.65 9.3 3.7 0.19 
40 39 3.8 24.6 881 1.42 9.3 4.4 0.40 
20 23 6.2 25.7 810 1.07 9.3 4.4 0.49 
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3.1.2 Experimental Procedure for Isopropanol (IPA) and Ethanol (EtOH) 
Dehydration Studies 
The catalytic dehydration reactions were carried out in a continuous fixed-bed reactor 
over Zr-KIT-6 catalysts which were pelletized to 250-700 nm. The performance of three 
Zr-KIT-6 materials with different zirconium contents (Si/Zr ratio of 20, 40, and 100) for 
IPA and EtOH dehydration was investigated. Specifically, conversion and selectivity data 
on these catalysts were compared in the 190-300 °C range for IPA and 300-380 °C range 
for EtOH at atmospheric pressure. Approximately 1.5 g of the catalysts was packed with 
two screens at each end as holders to ensure reproducible packing position. A solution of 
IPA (or EtOH) and acetonitrile (ACN) with a molar ratio of approximately 10:1 was fed 
to the reactor by means of the HPLC pump at a typical flow rates of 0.1 cm
3
/min. Prior to 
entering an in-line mixer and mixing with N2, the pumped liquid mixture was vaporized 
by preheating to 150 °C. Nitrogen was fed through a solenoid valve and metered into the 
in-line mixer with the mass flow controller at predetermined flow rates ranging from 200-
800 standard cm
3
/min (sccm). The combined IPA (or EtOH)/N2 feed mixture was then 
introduced as vapor into the reactor. Downstream from the reactor, the effluent stream 
containing the unreacted reactants and products was kept vapor phase of 160 °C by the 
heating cord and was sampled online to a 5890 Series II gas chromatograph. And the 
products were analyzed with a Phenomenex Zebron Phase ZB-WAX capillary column 
(30 m x 0.25 mm x 0.25 µm) and a flame ionization detector. Two replicate runs were 
conducted on each catalyst. The measurement range and precision of various measuring 
instruments are listed in Table 3.2. 
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Table 3.2: Instrument measurement ranges and precision 
Instrument Measurement Range Precision 
Electronic Scale 0 ~ 210 g ± 0.1 mg 
Micrometer syringe 0 ~ 10 µL ± 0.01 µL 
Thermocouple 0 ~ 400 ºC ± 0.5 ºC 
Mass flow controller 0 ~ 1500 sccm ± 1 sccm 
HPLC Pump 0 ~ 10 mL/min ± 0.001 mL/min 
 
 
3.2 Catalytic Dehydration of Isopropanol (IPA) over Zr-KIT-6 Catalysts 
3.2.1 Conversion/Selectivity Results  
       Figure 3.1 shows a typical chromatograph of the IPA dehydration with GC analysis.  
       The following definitions were used in presenting the results. Conversion (X) is 
defined as the ratio of the moles of IPA converted to the moles of IPA in the feed stream. 
Selectivity (S) is defined as the ratio of the moles of propene formed to the moles of IPA 
converted. The gas hourly space velocity (GHSV) is defined as the total gas feed rate at 
ambient conditions per catalyst volume (h
-1
). 
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     Figure 3.1 Sample chromatogram of the effluent stream during IPA dehydration over 
Zr-KIT-6 (20), T = 260 °C, GHSV = 7,200 h
-1
, p = 1 atm. 
         Figure 3.2 shows the variation of steady state IPA conversion and propene 
selectivity with temperature at a fixed space velocity for the various Zr-KIT-6 materials 
tested. The plotted values represent average conversion and selectivity data collected at 
steady state between three and five hours. For all the three Zr-KIT-6 materials tested, the 
conversion increased with temperature as expected, reaching nearly total conversion at 
300 °C. Furthermore, at a given temperature, the conversion increased with Zr content 
(i.e., acidity) of the catalyst sample. In contrast, the IPA conversion on ZrO2 was 
relatively low, reaching only around 10% even at 300°C. The selectivity to propene was 
greater than 98.5% for all Zr-KIT-6 samples and independent of conversion. The propene 
selectivity is higher than the 39-78% range reported on predominantly Lewis acidic 
catalysts such as Al2O3 and ZrO2 [Turek, 2005].     
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Figure 3.2: Effect of temperature on IPA conversion and propene selectivity.  IPA in 
feed = 5 mole% in N2; Catalyst loading = 1.5 g; GHSV = 7,200 h
-1
, p = 1 atm.  
       
3.2.2 Determination of Intrinsic Kinetic Parameters  
Effective rate constants were estimated from the measured steady state conversions. 
Given the high propene selectivity (>98.5%), only the dehydration reaction was 
considered. Further, since N2 was the dominant component (>95 mole%), the volume 
change upon reaction is ignored as being insignificant. Based on these assumptions, an 
effective first-order rate constant (ke) based on a plug flow reactor model is given by 
Eq.3.1. 
     
    
  
                                                                                  (Eq. 3.1) 
         Where, ke = effective rate constant (min
-1
) 
                      g = volumetric flow rate at reactor P and T (cm
3
/min) 
                      c = packed volume of catalyst (cm
3
) 
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                     X = observed IPA conversion at steady state. 
        As shown in Figure 3.3, the effective rate constants increased at relatively low 
GHSV values and became invariant above approximately 6,000 h
-1 
at 260 °C.  This 
indicates that external mass transfer limitations were eliminated.  
 
 
Figure 3.3: The dependence of effective rate constant (ke) on GHSV at 260 °C, 1 atm. 
 
In addition, catalyst effectiveness factors (ƞ) were estimated using well-known 
correlations (Eq. 3.1) [Cussler 2
nd
 Ed. 1997] for spherical pellets under conditions where 
external mass transfer limitations are eliminated. The calculated effectiveness factors 
(Table 3.3) were above 0.998 for all the catalyst samples and runs (Detailed calculation is 
in Appendix B). The absence implies that, above 6,000 h
-1
, both external and internal 
mass transfer limitations are eliminated and that the IPA reaction is controlled by 
intrinsic kinetics. 
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Table 3.3:  Dependence of effectiveness factor on GHSV for IPA dehydration at 260 °C, 
1 atm 
GHSV 
h
-1 
ƞ 
Zr-KIT-6 (20) Zr-KIT-6 (40) Zr-KIT-6 (100) 
2400 0.9996 0.9997 0.9999 
4800 0.9993 0.9995 0.9998 
6000 0.9987 0.9993 0.9995 
7200 0.9987 0.9993 0.9995 
9600 0.9986 0.9993 0.9995 
12000 0.9986 0.9993 0.9995 
 
Estimation of Intrinsic Activation Energy 
 In order to estimate the intrinsic activation energy, the reactions were conducted at 
temperatures ranging from 200  260 °C employing a GHSV of 7,200 h
-1
 wherein both 
external and internal mass transfer limitations are eliminated. As shown in Figure 3.4a, 
the Zr-KIT-6 samples with higher Zr content yielded higher rate constants when such rate 
constants were normalized with respect to the volume of the catalyst packing (Eq. 3.1). 
However, when the rate constants were normalized with respect to the total acidity of the 
respective Zr-KIT-6 materials (Eq. 3.7), the rate constants at the various temperatures 
virtually overlapped for all the catalysts, suggesting that the dehydration reaction occurs 
on the Lewis acid sites (Figure 3.4b).  
)1( ln' X
wA
k
cc
g
e 

                                                                           (Eq. 3.7) 
        Where, k’e = intrinsic kinetic rate constant (min
-1
)  
                     g = volumetric flow rate at reactor P and T (cm
3
/min) 
                     c = weight of catalyst used (g) 
                    c = total acidity of catalyst [(cm
3 
NH3 at standard conditions)/g catalyst] 
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Figure 3.4 Dependence of rate constant with temperature. (a) intrinsic rate constants (ke) 
based on catalyst packing volume, and (b) intrinsic rate constants (ke
’
) based on catalyst 
acidity. 
      The activation energy was estimated from the Arrhenius equation (Eqs. 3.8 and 3.9)  
     
  
                                                                                                     (Eq. 3.8) 
         
  
 
 
 
                                                                                        (Eq. 3.9) 
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      Where, k = rate constant (s
-1
) 
                   Ea = activation energy (J/mol) 
                   A = pre-exponential factor (s
-1
) 
                   T = Catalyst temperature (K) 
                   R = universal gas constant [8.314 J/(mol·K)] 
 
 
 
Figure 3.5: Estimation of activation energy for dehydration of IPA from (a) intrinsic rate 
constants (ke) based on catalyst packing volume, and (b) intrinsic rate constants (ke
’
) 
based on catalyst acidity. 
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Considering the effective rate constants, the activation energy in each case was 
approximately 45-50 kJ/mol (Figure 3.5a).  The intrinsic activation energy based on 
acidity-normalized rate constants was estimated to be approximately 48.9 ± 0.5 kJ/mol 
(Figure 3.5b). As compared in Table 3.4, this value is generally lower than those reported 
for IPA dehydration on solid acid catalysts that contain predominantly either Brønsted 
acid sites (40-120 kJ/mol on bulk and supported heteropolyacids) [Bond, 2012] or Lewis 
acid sites (133 kJ/mol on γ-Al2O3 and 173 kJ/mol on ZrO2) [Turek, 2005].  
 
Table 3.4: Comparison of activation energies for isopropanol dehydration over Zr-KIT-6 
catalyst with those reported in the literature
 
Catalyst E (kJ/mol) Reference 
Bulk H3PW12O40(HPW) Acid 104 [Bond, 2012] 
Bulk CsnH3-nPW Acid 68 [Bond, 2012] 
15% HPW-ZrO2 59 [Bond, 2012] 
15% HPW-TiO2 90 [Bond, 2012] 
15% HPW-SiO2 86 [Bond, 2012] 
15% HPW-Nb2O3 43 [Bond, 2012] 
Bulk H3PMo12O40 117 [Turek, 2005] 
γ-Al2O3 173 [Turek, 2005] 
ZrO2 133 [Turek, 2005] 
Zr-KIT-6 (This work) 49 - 
 
3.2.3 Catalyst deactivation test  
      A 30 h extended run with Zr-KIT-6(20) at 260°C (Figure 3.6a) showed slight 
deactivation with the IPA conversion dropping from 93.2% to 91.5%. Similarly, Zr-KIT-
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6(40) and Zr-KIT-6(100) samples were tested at 300°C for 12 h and little deactivation 
was observed: the IPA conversion decreased from 97.3 to 96.1% for Zr-KIT-6 (40), but 
remained constant at approximately 94% for Zr-KIT-6 (100) (Figure 3.6b). The decrease 
in the rate constant with time for the various catalysts is less than 1%/h summarized in 
Table 3.5. These values range between 0.27%/h to 0.83%/h demonstrating that the 
tunable Lewis acidity of the Zr-KIT-6 materials favors high conversion and propene 
selectivity with relatively low formation of the major byproduct (dipropyl ether) and 
enhanced stability compared to other reported catalysts. 
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Figure 3.6:  Stability test over Zr-KIT-6 samples with IPA dehydration. (a) 30 h run on 
Zr-KIT-6(20) at 260°C; (b) 12 h run on Zr-KIT-6(40) and Zr- KIT-6(100) at 300°C. IPA 
in feed = 5 mole% in N2; Catalyst loading = 1.5 g; GHSV = 7,200 h
-1
; p = 1 atm. 
 
Table 3.5: Deactivation rate in terms of effective rate constant decreasing percentage 
Catalyst 
Sample 
T Initial ke 
 
Final ke (after t 
hours) 
Deactivation rate  
(Initial ke – Final ke)/t  
ºC min
-1
 min
-1
 %/h
 
Zr-KIT-6 (20) 260 583.2 ± 8.6 538.3 ± 5.0 0.27 
Zr-KIT-6 (40) 300 891.6 ± 6.1 802.9 ± 0.1 0.83  
Zr-KIT-6 (100) 300 703.6 ± 3.2 722.2 ± 2.3 - 
 
3.3 Catalytic Dehydration of Ethanol (EtOH) over Zr-KIT-6  
3.3.1 Conversion/Selectivity Results  
     Figure 3.7 shows a typical GC chromatograph of the EtOH dehydration products. 
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Figure 3.7 Sample chromatogram of the effluent stream during EtOH dehydration over 
Zr-KIT-6 (20), T=260 °C, GHSV=7,200 h
-1
, p=1 atm 
   The effects of temperature on EtOH conversion and ethylene selectivity on Zr-KIT-
6 materials and commercial ZrO2 were investigated. Average conversion and selectivity 
data were taken after the reaction reached steady state at each temperature (in 
approximately 2 - 4 hours). As shown in Figure 3.8, the steady-state conversion slightly 
increased with temperature. There was no significant superiority of the Zr-KIT-6 
materials over commercial ZrO2 with respect to ethanol conversion, which ranged from 
15% -30%. However, the selectivity to ethylene was in the range of 60% - 80% for Zr-
KIT-6 materials, which was greater than the ethylene selectivity obtained with 
commercial ZrO2 (around 40%).  
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Figure 3.8: Effect of temperature on EtOH conversion and ethylene selectivity.  EtOH 
in feed = 5 mole% in N2; Catalyst loading = 1.5 g; GHSV = 7,200 h
-1
, p = 1 atm 
  Figure 3.9 shows a 70 h extended run with Zr-KIT-6(100) at 380°C. The conversion 
and selectivity were steady within the first 30 hours. Between 40 to 60 hours, the 
conversion slightly increased, while the selectivity decreased. After 60 hours, the 
conversion and selectivity dropped by approximately 67% and 77%, respectively.  
 
Figure 3.9:  70 h stability test on Zr-KIT-6(100) at 380°C EtOH in feed = 5 mole% in 
N2; Catalyst loading = 1.5 g; GHSV = 7,200 h
-1
, p = 1 atm. 
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3.3.2 Kinetic analysis of EtOH dehydration on Zr-KIT-6 
As the ethylene selectivity for the EtOH dehydration was only around 80%, the side 
reaction involving diethyl ether formation must be taken into account. The 
stoichiometries for the dehydration (Reaction 1) and dehydrogenation (Reaction 2) 
reactions are as follows.  
C2H5OH  (A)          C2H4 (B) + H2O (C)                                                   (Reaction 1) 
2 C2H5OH (A)         C2H5-O-C2H5 (D) + H2O (C)                                  (Reaction 2) 
For developing the kinetic model, the two parallel reactions are assumed to be first-
order in substrate concentration. The steady state material balance equations are derived 
as follows.  
 
   
   
                      (Eq. 3.10) 
Where,   
   
   
      
   
   
 
                     
               ) 
Therefore, Eq. 3.10 can be further rewritten as Eq. 3.11 
  
   
   
                                                                             (Eq. 3.11) 
For Reaction 1,       
    
   
                , where,             
For Reaction 2,       
    
   
                , where,          
Combining equations 3.10 and 3.11 and integrating, the rate constants for Reaction 1 
and 2 are given by 
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                                                                                   (Eq. 3.12) 
      
     
  
                                                                                  (Eq. 3.13) 
       Where, ke1 = effective rate constant for Reaction 1 (min
-1
) 
                   ke2 = effective rate constant for Reaction 2 (min
-1
) 
                    g = volumetric flow rate at reactor P and T (standard cm
3
/min) 
                    c = packed volume of catalyst (cm
3
) 
                   XA = observed EtOH conversion at steady state 
                   S1 = selectivity toward ethylene at steady state 
                   S2 = selectivity toward diethyl ether at steady state 
       Equation 3.12 was applied to calculate the rate constant for EtOH dehydration. In 
order to assess the effect of external mass transfer limitations, a series of experiments was 
conducted over the most acidic catalyst sample, Zr-KIT-6 (20) at 360 and 380 °C and at 
different GHSV values at each temperature. As shown in Figure 3.10, over Zr-KIT-6 
(20), the effective rate constants kept increasing with GHSV at 380 °C, while they 
reached a plateau above GHSV values of 7,000 h
-1
 at 360 °C. Furthermore, the calculated 
effectiveness factors were above 0.99 within the tested GHSV range and temperatures 
(Figure 3.11). Therefore, it is concluded that on all the Zr-KIT-6 materials tested, both 
the external mass transfer limitations as well as intraparticle diffusion limitations are 
eliminated above GHSV values of 7,000 h
-1
 at temperatures below 360 °C.  
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Figure 3.10: The dependence of effective rate constant (ke1) on GHSV values for Zr-
KIT-6 (20), p = 1 atm. 
 
Figure 3.11 Estimation of internal effectiveness factors for EtOH dehydration over 
Zr-KIT-6 (20), p = 1 atm. 
 
Estimation of Intrinsic Activation Energy for Ethanol Dehydration Reaction 
The reaction was conducted at temperatures ranging from 300 to 360 °C, employing a 
GHSV of 7,200 h
-1
 in the absence of any mass transfer limitations for estimation of 
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activation energy. As shown in Figure 3.12a, the Zr-KIT-6 samples with higher Zr 
content yielded higher effective rate constants (ke1) when such rate constants are 
normalized with respect to the volume of the catalyst packing (Eq. 3.7). The activation 
energy in each case was approximately 65-85 kJ/mol. When the rate constants were 
normalized with respect to the total acidity of the respective Zr-KIT-6 materials (Eq. 3.1), 
the rate constants at the various temperatures virtually overlapped for all the catalysts 
(Figure 3.12b). The intrinsic activation energy based on acidity-normalized rate constants 
was estimated to be approximately 79.5 ± 0.7 kJ/mol. Table 3.6 compares reported 
activation energies for catalytic dehydration of ethanol. The Zr-KIT-6 catalyst displays 
moderate activation energy.  
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Figure 3.12: Estimation of activation energy of EtOH dehydration from (a) intrinsic rate 
constants (ke1) based on catalyst packing volume, and (b) intrinsic rate constants (ke
’
) 
based on catalyst acidity. 
Table 3.6: Comparison of activation energies for ethanol dehydration to ethylene over Zr-
KIT-6 catalyst with those reported in the literature
 
Catalyst E (kJ/mol) Reference 
Al2O3 53-78 [Bakoyannakis,2001] 
Fe-ZSM-5 137.7 [Maihom, 2013] 
Zr-KIT-6 (This work) 79.5 - 
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CHAPTER 4 CONCLUSIONS AND RECOMMENDATIONS 
4.1 Conclusions 
 Zirconium incorporated mesoporous silicate, Zr-KIT-6, was evaluated for the 
dehydration of low alcohols, including isopropanol and ethanol. It was found that the 
predominantly Lewis acidity of the catalysts enhanced the yields of olefins.  
 For the dehydration of isopropanol to propene, high activity and selectivity (>98.5%) 
to propene were displayed in the 190-300°C temperature range. In sharp contrast, ZrO2 
displayed little acidity or dehydration activity, confirming the enhanced Lewis acidity of 
the Zr-KIT-6 materials. 12 and 30 hours continual run showed slight catalyst 
deactivation. First-order rate constant (ke) based on a plug flow reactor model was 
applied for the kinetic study. Kinetic parameters obtained in the absence of external and 
internal mass transfer limitations showed moderate activation energy (~48.9 ± 0.5 
kJ/mol) for all Zr-KIT-6 catalysts when normalized with the acid sites on the catalyst 
samples.  
For the dehydration of ethanol to ethane, the observed ethanol conversions over the 
Zr-KIT-6 materials are similar to those for commercial ZrO2, ranging from 15% -30% in 
the 300 - 360 °C range.  However, the selectivity to ethylene (60- 80%) for Zr-KIT-6 
materials was greater than that observed on commercial ZrO2 powder (~40%). Catalyst 
stability testing on Zr-KIT- (100) showed deactivation starting at 70 hours. Taking 
account the parallel side reaction involving dehydrogenation to form diethyle ether, the 
intrinsic rate constants on all the catalysts overlap when normalized with the acid sites on 
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the catalyst samples. The corresponding intrinsic activation energy for ethanol 
dehydration to form ethylene was found to be 79.5 ± 0.7 kJ/mol.    
The results presented in this work demonstrate that Zr-KIT-6 materials are superior 
Lewis acidic catalysts that display high activity, selectivity and durability that could be 
potentially exploited in the dehydration of various substrates. The emerging biomass-
based renewable chemicals industry will particularly benefit from the availability of such 
catalysts for dehydration of long-chain alcohols from biomass based feedstock. 
 
4.2 Recommendations 
  Based on the results from this thesis, future studies could focus on the following 
points: 
1. Apply Zr-KIT-6 materials to the dehydration of longer chain alcohols to 
investigate the performance and stability of the catalyst for those reactions. 
2. Develop microkinetic models to gain better fundamental insights into the 
underlying reaction mechanisms. 
3. Investigate the mechanism of catalyst deactivation. 
4. Investigate the application of Zr-KIT-6 to the dehydration of sugar alcohols 
(such as glycerol, sorbitol and xylitol) to valuable chemical intermediates. 
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APPENDIX A ERROR ANALYSIS AND CALIBRATIONS 
A.1 Causes of Experimental Error 
          Experimental error is the difference between a measured value of quantity and its 
true value. There are two main types of experimental error: systematic errors and random 
errors [Barford, 1985]. 
        Systematic errors arise from faults or changes in conditions which are often constant 
and could be corrected or allowed for. In this study, systematic errors were reduced by 
properly calibrating the measuring instruments such as balance, thermocouples and mass 
flow controller. 
        Random errors are caused by intrinsic and unpredictable fluctuations in the 
apparatus. These errors can be properly characterized by repeated measurements. 
 
A.2 Mean and Standard Deviation 
       In order to minimize and quantify the error, mean and standard deviation were 
applied to the experimental data analysis [Barford, 1985]. Mean (Xn) is the best estimate 
of the true value from repeated measurements (Eq. A.1). Standard deviation (Sn) shows 
how much variation or dispersion exists from the mean (Eq. A.2). The results of an 
experiment (X) may be summarized in the form of  Eq. A.3. 
    ∑                                                                                                  (Eq. A.1) 
  
   
∑         
   
                                                                                          (Eq. A.2) 
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                                                                                                     (Eq. A.3) 
       Where, Xi = measured values 
                    n = number of measurements 
 
A.3 Correlation 
        An important aspect of experimental research concerns the question of whether the 
observations provide good evidence for a relationship between two measured quantities. 
For example, both the concentration and peak area of a substance are measured values for 
GC calibration, and the response factor correlating both is to be addressed. To solve this 
problem, linear regression was applied (Eq. A.4) [Barford, 1985]. 
             ̂          
          ̂                                                                                                        (Eq. 2.5) 
         Where,    = measured value of y 
                         = measured value of x 
                        ̂ = value of y predicted by regression 
                     a = estimate of the slope of the regression line 
                     b = estimate of the intercept of the regression line 
                     Ei = model error 
           In Eq. A.4, Assuming xi have negligible errors, the errors in a and b arise only 
from errors in yi. As for the GC calibration, the concentration of a substance was 
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regarded as the precise value (xi), and the peak area was regarded as the dependent 
variable (yi).  
           The expressions for slope (a), intercept (b) and standard deviation for slope was 
obtained as follows [Barford, 1985]: 
   
 ∑   ∑ ∑ 
 ∑    ∑   
                                                                               (Eq. A.5) 
   
∑  ∑  ∑ ∑  
 ∑    ∑   
                                                                            (Eq. A.6) 
      
      ∑    
 
 
{        ∑    ∑  
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                                                            (Eq. A.7) 
         Where,       √  ̅̅ ̅    ̅   
         The degree of correlation is evaluated by the coefficient of correlation R (Eq. A.8). 
The value of R varies in the range of -1 to 1. The greater the value of R, the greater the 
justification for believing that the two measured quantities are really linked or correlated. 
For a perfect correlation, R = ±1; if there is no correlation, R=0.  
  
 ∑   ∑ ∑ 
  ∑    ∑    
 
    ∑    ∑    
 
 
                                                    (Eq. A.8)           
         The GC calibration curves and error analysis are provided below. 
 
 
 63 
 
Figure A.1: Mass flow controller calibration curve 
Table A.1: Mass flow controller calibration curve data 
Flow rate set point, 
mL/min 
Average actual flow 
rate standard cm
3
/min 
standard 
deviation 
20 52 0.00 
50 82 0.94 
100 140 0.47 
200 252 1.25 
500 587 0.47 
800 917 1.25 
1000 1148 0.94 
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Figure A.2: Propene calibration curve 
Table A.2: Propene calibration curve data 
Molar ratio 
(propene/ACN) 
Average area ratio 
(propene/ACN) 
standard 
deviation 
0.8538 0.0791 0.0036 
1.2807 0.4599 0.0360 
1.7076 0.8382 0.0435 
4.2691 3.0622 0.0663 
8.5381 6.6165 0.1782 
12.8072 10.5146 0.3737 
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Figure A.3: Isopropanol calibration curve 
Table A.3: Isopropanol calibration curve data 
Molar ratio  
(IPA/ACN) 
Average area ratio 
(IPA/ACN) 
standard 
deviation 
0.0205 0.0766 0.0012 
0.1015 0.2558 0.0005 
1.0227 1.9346 0.01134 
4.9302 9.5297 0.0011 
9.7083 21.7399 0.0271 
18.3510 38.9429 0.2811 
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Figure A.4 Diisopropyl ether calibration curve 
Table A.4 Diisopropyl ether calibration curve data 
Molar ratio  
(DIIE/ACN) 
Average area ratio 
(DIIE/ACN) 
standard 
deviation 
0.9978 3.5974 0.2884 
0.2000 0.8010 0.0189 
0.1001 0.3903 0.1234 
0.0204 0.1882 0.0101 
0.0102 0.0639 0.0423 
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Figure A.5: Ethylene calibration curve 
Table A.5: Ethylene calibration curve data 
Molar ratio  
(Ethylene/ACN) 
Average area ratio 
(Ethylene/ACN) 
standard 
deviation 
0.6404 1.216 0.0271 
1.2808 1.5600 0.1382 
3.2018 2.6708 0.1013 
6.4036 6.4044 0.1453 
12.8072 13.4467 0.3925 
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Figure A.6: Ethanol calibration curve 
Table A.6: Ethanol calibration curve data 
Molar ratio  
(EtOH/ACN) 
Average area ratio 
(EtOH/ACN) 
standard 
deviation 
0.1000 0.1814 0.0240 
0.9990 1.1725 0.0197 
5.0068 6.0989 0.1146 
10.0355 11.9367 0.1721 
14.9305 17.1799 0.0802 
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Figure A.7: Diethyl ether calibration curve 
Table A.7: Diethyl ether calibration curve data 
Molar ratio  
(DIEE/ACN) 
Average area ratio 
(DIEE/ACN) 
standard 
deviation 
0.0403 0.0453 0.0006 
0.1032 0.1179 0.0031 
0.3974 0.4210 0.0097 
1.9836 2.1703 0.0566 
9.8968 11.0429 0.2135 
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APPENDIX B Calculation of the Effectiveness Factor 
The bulk diffusion coefficient for IPA diffusing in N2 was evaluated by Fuller’s 
correlation (Eq. B.3) [Fuller, 1966]. And the effective coefficient of IPA and N2 transport 
in pore was calculated by Eq. B.4 [Cussler 2
nd
 Ed. 1997]. The tortuosity is estimated by 
Bruggeman relationship (Eq. B.6) [Thorat, 2009].  The equations are listed as follows. 
  
 
  
                                                                                              (Eq. B.1) 
   √                                                                                                    (Eq. B.2) 
    
               
 
  
 
 
  
    
 [ ∑     
   
  ∑     
   
]
                            (Eq. B.3) 
   
    
 
                                                                                                        (Eq. B.4) 
    
  
  
                                                                                                       (Eq. B.5) 
                                                                                                               (Eq. B.6)      
Where, φ =Thiele modulus  
            ke = intrinsic rate constant (s
-1
) 
            R = radius of catalyst pellet (m)  
            De = effective diffusion coefficient (m
2
/s)  
            DAB = binary diffusion coefficient for IPA diffusion in N2 (m
2
/s)  
            T = temperature (K) 
            MA, MB = molecular weights of IPA (A) and N2 (B) (g/mol) 
            p = reactor pressure (atm) 
               = special diffusion parameters over the atoms of the diffusing species 
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              = porosity of the catalyst  
              = tortuosity 
               = bulk density of the catalyst 
               = particle density of the catalyst  
             = Bruggeman exponent (1.6) 
 
Table B.1:  Detailed calibration data of effectiveness factor for IPA dehydration 
Cat. Sample GHSV ke (min
-1
) φ ƞ 
Zr-KIT-6 (20) 
2400 220.01 0.1133 0.9991 
4800 400.23 0.1528 0.9984 
6000 700.02 0.2020 0.9973 
7200 712.07 0.2037 0.9972 
9600 760 0.2105 0.9971 
12000 759.12 0.2104 0.9971 
Zr-KIT-6 (40) 
2400 141.59 0.0909 0.9995 
4800 293.78 0.1309 0.9989 
6000 398.78 0.1525 0.9985 
7200 402.69 0.1532 0.9984 
9600 403.17 0.1533 0.9984 
12000 405.08 0.1537 0.9984 
Zr-KIT-6 (100) 
2400 59.9 0.0591 0.9998 
4800 113.59 0.0814 0.9996 
6000 291.12 0.1303 0.9989 
7200 292.98 0.1307 0.9989 
9600 293.01 0.1307 0.9989 
12000 292.77 0.1306 0.9989 
Parameters: T= 533.2K, ϑH=2.31, ϑC=15.9, ϑO=6.11, ϑN=4.54, τ=1, ρb=375 kg/m
3
,  
ρp=1000 kg/m
3
, R= 237.5 µm, DAB=3.5×10
-5
 m
2
/S, De=2.2×10
-5
 m
2
/S,  =0.625,  =1.36. 
 
 
